ABSTRACT: Mycorrhizal plants may present Mn toxicity alleviation and this depends on the plant-endophyteenvironment interaction. The effectiveness of three arbuscular mycorrhizal fungi (AMF) (Glomus macrocarpum, G. etunicatum, G. intraradices) and a control without AMF in two soils: Typic Rhodudalf with high Mn availability and a Typic Quartzipsamment, with low Mn availability, was evaluated in a timecourse experiment at 3, 6, 9 and 12 weeks after soybean (Glycine max L.) seedling emergence. The objective was to select the most effective AMF species to enhance plant growth and to assess its effects upon Mn uptake by plants and Mn availability in the soil. For the sandy soil, AMF inoculation resulted in increased plant biomass, especially with G. intraradices and G. etunicatum. Lower Mn concentrations were observed in shoot and root of mycorrhizal plants. For the clayey soil, there was also an increase in plant biomass, but only for plants inoculated with G. intraradices and G. etunicatum. Mycorrhizal plants presented higher Mn concentrations in shoot and root and there was an increase of available Mn in the soil, in relation to the control, especially in the treatment with G. macrocarpum. When inoculated with G. macrocarpum, plants presented Mn toxicity symptoms and reduced biomass in comparison to control plants. The effects of mycorrhizal inoculation, either positive or negative, were most intense at 9 and 12 weeks. Key words: Mn, availability, metal, mycorrhiza, toxicity, uptake
INTRODUCTION
Mycorrhizal associations are related to several benefits to the host plant. Besides the improvement of the nutritional state, other benefits like increasing of plant resistance to pathogens, to ionic stresses such as Mn excess (Cardoso, 1985; Bethlenfalvay & Franson, 1989) and to drought stress are also relevant. Nevertheless, depending on the interactions between the endophyte, the host and the environment, the effects may as well be negative or deleterious to the host plant (Medeiros et al., 1995; Nogueira & Cardoso, 2000) .
Although there is no known host specificity for arbuscular mycorrhizal fungi (AMF), root colonization and growth response depend on the interaction of both symbionts and they are affected by several conditions, such as soil pH (Lambais & Cardoso, 1988) , fungal species or isolate (Lambais & Cardoso, 1990 ) and the stage of development of the host plant (Bethlenfalvay et al., 1982b) . Therefore, very often one can not find a simple correlation between the percent root colonization and host growth responses (Allen, 2001) .
The lack of correlation between infectivity and mycorrhizal effectiveness may be related to the time that it takes for the establishment of the symbiosis, mainly for annual crops (Abbott & Robson, 1981) . Nogueira & Cardoso (2000) observed that Gigaspora margarita, besides presenting a slow phase of root colonization, also produced less total external mycelium compared to G. intraradices. This behavior probably limited plant response to mycorrhization and induced a transient plant growth depression in relation to the non-mycorrhizal control. As the plant response to mycorrhization may vary along the plant cycle, wrong interpretations may arise from short time experiments, mainly those in which the AMF presents a slow phase of root colonization, without enough time to eventually have a host growth increase (Bethlenfalvay et al., 1982b) . The proportion between the external and internal mycorrhizal mycelium may also influence the symbiosis effectiveness (Abbott & Robson, 1981) . A negative response for host growth (parasitism) may be the result of great internal fungal colonization and lack of enough external growth for an effective mining of the nearby soil (Bethlenfalvay et al., 1982a) .
Infectivity as well as symbiotic effectiveness for the different endophytes vary according to the plant-fungus-environment interactions, and this poses the need for selecting the most effective interaction for each condition. The aim of this work was to evaluate the effectiveness of three AMF species in promoting soybean development, and their effects on the availability and uptake of Mn by plants grown in two soils: one sandy, with low Mn availability and one clayey, with high Mn availability.
MATERIAL AND METHODS
The experiment was installed in a greenhouse with pots containing four kg of soil, previously autoclaved at 121 o C for 2h. Treatments consisted of two soil types: sandy (0-0.2 m layer of a Typic Quartzipsamment, containing 830, 40 and 130 g kg -1 of sand, silt and clay, respectively) and clayey (0-0.2 m layer of a Typic Rhodudalf, containing 250, 150 and 600 g kg -1 of sand, silt and clay, respectively), in combination with three species of AMF (Glomus macrocarpum, G. etunicatum, G. intraradices) and a non-inoculated control, with six replicates. Plants were harvested at 3, 6, 9 and 12 weeks after emergence. The choice of these three AMF was based on previous studies in which their effectiveness in increasing soybean growth, as well as in alleviating the toxicity caused by Mn excess was verified (Cardoso, 1985) .
The fertilization of the clayey soil was based on its chemical analysis (Table 1 ). There was no need for liming or K and S supplement. Biological fixation was responsable for N supply by inoculating the plantlets at emergence with 4 mL of a cell suspension (c.a. 1 x 10 7 mL -1 ) of the strains SEMIA 587 and SEMIA 5019 of Bradyrhizobium elkanii. Phosphorus was added according to the results obtained by Nogueira & Cardoso (2000) , aiming to favour the mycotrophic condition, by giving 51 mg of P per pot as ground (<0.75 mm) triple superphosphate. Boron (0.48 mg as H 3 BO 3 per pot) and Mo (0.15 mg as Na 2 MoO 4 .2H 2 O per pot) were furnished in a nutrient solution.
Liming and fertilization of the sandy soil were performed with the objective of having conditions similar to those of the clayey soil in relation to nutrient availability. The soil was limed to reach a cation saturation level (V%) of 87%, the same observed in the clayey soil, Table 1 -Chemical characteristics of the soils utilized in the experiment before (B) and after (A) autoclaving. Sandy = Typic Quartzipsamment; Clayey = Typic Rhodudalf. The inoculation of each AMF species was made with a spore suspension, extracted by wet sieving (Gerdemann & Nicolson, 1963 ) from a soil cultivated with Brachiaria decumbens. About 240 spores were added per pot and incorporated into the 5 cm uppermost layer. All pots received 5 mL of a filtrate obtained by shaking 100 g of soil with 1.5 L of distilled water. The suspension was filtered through several sieves, the last one with 45 mm mesh. The objective of this procedure was to reestablish the original microbial community of the soils in all treatments, except for AMF propagules.
Five seeds of the soybean cultivar IAC-8 were planted per pot after disinfection with a 25% NaClO commercial solution for 5minutes, and rinsing with distilled water. One week after emergence, plantlets were thinned to one per pot. Plants were watered daily with distilled water.
At each harvesting period, 48 pots were harvested. Shoots were cut, washed in a sequence of distilled water, 0.01 mol L -1 HCl solution, and deionized water and dried at 60 o C until reaching constant weight, to obtain the shoot dry weight (SDW). Soil was removed from roots, then washed in tap water and the same sequence described above was followed to obtain the root dry weight (RDW). Root samples were clarified and stained (Phillips & Hayman, 1970) for the evaluation of percent root colonization by AMF by means of a squared counting plate (Giovanneti & Mosse, 1980) . Shoots and roots were ground in a 60 mesh sieve mill and digested with nitric-perchloric acid solution to determine the percentage of P and Mn in plant tissues. Phosphorus was determined by metavanadate colorimetry and Mn by atomic absorption spectrophotometry. There was not enough material for nutrient analysis in the roots.
A soil sample was stored at 5 o C to estimate the total external mycelium length (TEM), according to Sylvia (1992) , modified by Melloni & Cardoso (1999) . These determinations were performed in duplicate, and the mean was used for calculations. To assure the maximum recovery of external mycelium from both soils, 50 mL of a dispersing solution of sodium pyrophosphate (20 g L -1 ) were added to the samples, incubating them for 40 minutes before extraction. Another soil sample was air dried, passed through 2 mm sieves and analyzed for avail- (SAS, 1991) , employing the t test at P < 0.05. Data for percent root colonization were transformed to (x + 0.5) 1/2 before analysis. The mycorrhizal effectiveness was calculated according to Lambais & Cardoso (1990) , by using the total plant dry weight (SDW + RDW).
RESULTS
Manganese availability in the soil increased after autoclaving to eliminate native AMF. This increase was about ten times in the clayey soil and almost three times in the sandy soil (Table 1) .
SDW and RDW (Table 2) were influenced more expressively by mycorrhizal treatments at the 12 weeks harvest. In the sandy soil there was no difference with regard to SDW between the treatments with G. etunicatum and G. intraradices. The AMF effect on RDW was seen only at 12 weeks, especially with G. etunicatum and G. intraradices, when compared to control plants and those with G. macrocarpum. In the clayey soil, however, G. etunicatum promoted a greater plant growth, while plants with G. macrocarpum had a SDW equivalent to the non-mycorrhizal control, and they presented Mn toxicity symptoms as described by Foy et al. (1978) .
Generally, for the sandy soil, concentrations of P were greater in mycorrhizal plants in relation to the control, both in shoots and roots (Figure 1 ). In plants inoculated with G. macrocarpum, grown in the clayey soil, concentrations of P in the tissues were, in general, the same as those of the control plants. On the other hand, plants with G. etunicatum and G. intraradices presented greater P concentrations in both shoots and roots. The Mn concentrations in plants grown in the sandy soil, either in shoots, or in roots (Figure 2 ), were greater than in the control plants. In the sandy soil, plants did not present Mn toxicity symptoms at any harvesting period. Conversely, mycorrhizal plants grown in the clayey soil, in general, presented greater Mn concentrations, mainly when inoculated with G. macrocarpum. This caused Mn toxicity symptoms, which probably contributed to reduce plant growth ( Total external mycelium (TEM) in the soil from mycorrhizal treatments was, in general, greater than in the soil with control plants, except for G. macrocarpum in the clayey soil (Figure 3) . The average values of TEM found in the clayey soil were higher than in the sandy soil. Root colonization reached 70% at 9 weeks in the sandy soil (Figure 3) . In the clayey soil, root colonization also reached this value in treatments with G. intraradices and G. etunicatum, but G. macrocarpum presented the lowest levels of root colonization, about 12% at 9 weeks. In all mycorrhizal treatments, the greatest level of root colonization occurred at 9 weeks, followed by a decrease at 12 weeks.
The concentration of available manganese was higher in the clayey soil (Figure 4 ). In the sandy soil, Mn concentration varied from 5 to 8 mg dm -3 and there was Figure 2 -Mn concentration, every three weeks, in the shoot and root of soybean plants, cultivated in a clayey and a sandy soil, with or without (control) arbuscular mycorrhizal fungi. Same letters at the same harvesting period and soil do not differ (t test at P < 0.05); n.s. = non-significant. 
SH O O TS RO O TS
Figure 1 -P concentration, every three weeks, in shoot and root of soybean plants, cultivated in a clayey and a sandy soil, with or without (control) arbuscular mycorrhizal fungi. Same letters at the same harvesting period and soil do not differ (t test at P < 0.05); n.s. = non-significant. 
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Table 2 -Shoot (SDW) and root (RDW) dry weights of soybean plants, every three weeks, cultivated in a clayey and a sandy soil, with or without (control) arbuscular mycorrhizal fungi. Same letters at the same harvesting period and soil do not differ (t test at P < 0.05).
no effect of the mycorrhizal treatments. In the clayey soil, however, Mn availability varied from 84 to 414 mg dm -3
and increased for the mycorrhizal treatments, especially with G. macrocarpum. All AMF species in the sandy soil resulted in an increased host growth as compared to control plants, except at three weeks, when G. macrocarpum decreased plant growth ( Figure 5 ). In the clayey soil, plants with G. etunicatum presented a slight negative effect at 3 and 6 weeks, but this was the most effective treatment at the other harvesting periods. G. macrocarpum was the less effective AMF, resulting, at 9 and 12 weeks, in about 30% less biomass of the host plant in relation to the control plants. In both soils, the effect of the endophytes on plant development increased with plant age. 
DISCUSSION
The finding that plants associated with G. macrocarpum in the clayey soil presented more Mn toxicity symptoms and lower growth was surprising, since this behavior was expected to occur in the control plants.
In previous experiments, plants inoculated with G. macrocarpum, but not the same isolate, presented lower Mn concentration and suppression of Mn toxicity symptoms (Cardoso, 1985) . The enhancement or alleviation of Mn toxicity in mycorrhizal plants is not exclusively attributed to the AMF species, but may be the result of several interactions attributed to changes in host physiology, with reflections on the microbial community in the (Filion et al., 1999) and on the biological processes of Mn oxidation (Nealson et al., 1988) and reduction (Kothari et al., 1991) . This hypothesis is reinforced by the increase of Mn availability in the clayey soil with AMF inoculated plants. In this case, the increase of Mn availability resulted in the increase of Mn concentration in the plant. Nevertheless, mycorrhizal plants associated with G. etunicatum and G. intraradices also presented higher P concentrations in the tissues, in spite of their greater biomass. The higher P concentration in these plants may have enabled better conditions to support the higher Mn concentration in the tissues, suppressing the Mn toxicity symptoms in these cases. Bethlenfalvay & Franson (1989) observed that, although mycorrhizal plants presented greater Mn concentrations, there were no toxicity symptoms. This might have occurred because of an increase of internal tolerance to Mn (Foy et al., 1978) by plants better fed with P. One of the tolerance mechanisms may be related to a precipitation reaction between Mn 2+ and phosphate anions inside the plants, reducing Mn 2+ activity and, consequently, its adverse effects (Murphy et al., 1981) . Habte & Soedarjo (1996) verified the formation of low solubility products between Mn and P in the soil, resulting in Mn 3 (PO 4 ) 2 . There is no evidence that these reactions did also occur inside the plant in this experiment, but it is a plausible hypothesis. The value for the concentration of Mn in the plant tissue does not inform about the real activity of Mn 2+ ions. One portion of the total Mn could be perhaps precipitated by reactions with phosphate ions, but because of the use of the nitric-perchloric digestion process, all Mn could have been solubilized and quantified. Electron microscopy with X-ray microanalysis might give a better idea about the microdistribution of these possible precipitates inside plant cells (Memon et al., 1981) . The lower Mn concentration found in the mycorrhizal plants in the sandy soil probably occurred because of a dilution effect caused by a better growth, because the decrease in Mn concentration was proportional to the plant biomass increase.
The negative effect of G. macrocarpum in plants grown in clayey soil may be related to certain characteristics of the endophyte. Lower TEM production and the lowest root colonization rates may have been the factors responsible for the lower plant growth, and that indicates the lack of adaptation of this AMF species to that soil. Nogueira and Cardoso (2000) also observed this behavior for other AMF species when associated to soybean, with negative effects on mycorrhizal effectiveness. Microbial interactions may affect mycorrhization and also plant growth when bacteria antagonistic to the AMF become dominant in the rhizosphere (Andrade et al., 1995) . Independently of the real cause, the AMF acted as a C sink for the host plant (Bethlenfalvay et al., 1982a) .
The increase of Mn availability in the soil after autoclaving is attributed to the thermal breakage of organic chelators, one of the main factors that regulate Mn availability. Miyazawa et al. (1993) observed that Mn availability decreased with the incubation time, as a result of microbial synthesis of new chelators, but this is also influenced by the activity of Mn oxidizers (Nealson et al., 1988) and Mn reducers (Kothari et al., 1991) . In the sandy soil, there was a general decrease of Mn availability with time. In the treatments with AMF in the clayey soil, there was an increase of Mn availability. It is not possible to state definitely whether or not the increase of Mn availability, especially in the treatment with G. macrocarpum, can be attributed to changes in the balance between Mn oxidizers or reducers in the rhizosphere as a result of quantitative or qualitative changes in the root exudates resulting from AMF interactions (Ames et al., 1984) or if it was a direct effect of root exudates, such as organic acids or reducing compounds, modulated by the presence of mycorrhiza (Habte & Soedarjo, 1996) .
A decrease in root colonization was observed from 9 to 12 weeks, and this may have resulted from an extra C sink related to the pod formation. Possibly root colonization was restricted by the limitation of energetic sources for growth and maintenance of the AMF. In addition, there was active root growth up to 12 weeks, causing "dilution" of the root colonization rate observed at 9 weeks. This behavior probably would not occur if root colonization results were expressed as absolute values of colonized root length, instead of relative values as root colonization percentage (Allen, 2001) .
Variations observed in the mycorrhizal effectiveness at different harvesting periods show that results obtained at early plant stages are different from those obtained at late stages. For example, considering the evaluation at 6 weeks in the clayey soil, G. etunicatum was ineffective and G. macrocarpum had no effect on the plants. Nevertheless, at 12 weeks, the inverse was observed: plants with G. etunicatum presented better growth, while plants with G. macrocarpum presented growth reduction in relation to the control. These observations indicate the importance of evaluating plants after they have had enough time to complete mycorrhizal symbiosis establishment and to express the beneficial or, eventually, adverse effects on plant growth.
CONCLUSIONS
Mycorrhizal effectiveness varied from beneficial to adverse or indifferent according to the AMF, soil type and stage of plant development. Mycorrhiza alters Mn availability in the soil, and this affects the Mn concentration in the plants. In the ineffective interaction, mycorrhiza may increase the expression of Mn toxicity symptoms in the host plant. In the effective interaction, in spite of increased Mn availability in the soil and increased Mn concentration in plants, no Mn toxicity symptoms were detected in the plants.
